increasing mutations. Serial dilution experiments demonstrate a limit of detection of approximately 0.01%-0.1% mutation abundance by use of IonTorrent and 0.1%-0.3% by use of Sanger sequencing.
CONCLUSIONS:
Fast-TT-COLD-PCR improves the limit of detection of cancer gene panels by enabling mutation enrichment in multiplex, single-tube reactions. This novel adaptation of COLD-PCR converts subclonal mutations to clonal, thereby facilitating detection and subsequent mutation sequencing.
© 2014 American Association for Clinical Chemistry
A low abundance of cancer-associated somatic mutations can occur in multiple situations such as heterogeneous tumor samples with variant subclones, surgical tumor samples containing stromal tissue, tumorderived DNA found in biofluids, and samples taken from tumor margins. The ability to monitor this subclonal population may have a profound impact on understanding therapy outcome and cancer remission or relapse (1) (2) (3) . Targeted amplicon resequencing has emerged as a practical opportunity for integrating technology and clinical oncology (4 -8 ) . However, the detection of low-prevalence mutations by use of targeted resequencing is fraught with sequencing errors leading to false-positive DNA changes that preclude reliable mutation calling, irrespective of coverage (9 ) . This sequencing noise is often independent of interrogation depth (10 ); hence, rare mutations in plasma, circulating tumor cells (CTCs) 4 , and mixed clinical samples cannot be sequenced reliably. The current consensus is that the limit of detection (LOD) for variant identification in targeted resequencing panels is ap-proximately 5% mutant-to-wild-type ratio, or mutation abundance (4 -7 ) . Recent enhancements enable next-generation sequencing (NGS) to reduce the noise substantially, via multiple short reads of few sequences (11, 12 ) , random barcoding of DNA molecules on one (13, 14 ) or both (15 ) DNA strands, or bioinformatics approaches (16 -19 ) . However, all these methods require very high coverage for correct calling of mutations in a limited number of target sequences. Increasing the depth of coverage is unavoidably accompanied by a decrease in NGS throughput, since every sequence has to be read multiple times, consuming resources while yielding little information, which leads to an increase in cost (20 ) .
Here we present an alternative approach that enables detection of very low-level mutations in cancer gene panels without requiring excessive depth of coverage. Mutations are first magnified via coamplification at lower denaturation temperature (COLD)-PCR (21 ) before sequencing. We used a modification of COLD-PCR, fast, temperature-tolerant (fast-TT)-COLD-PCR (22 ) that enables mutation enrichment in amplicons having distinct melting temperatures by use of a single PCR program. We describe a new, multiplexed fast-TT-COLD-PCR adaptation that enables mutation enrichment of numerous amplicons within a single tube. Multiplexed fast-TT-COLD-PCR operates by attaching common primers for amplification to all sequences. Addition of modified nucleotides during fast-TT-COLD-PCR expands the types of mutations that can be enriched. We demonstrate that fast-TT-COLD-PCR allows reliable sequencing down to approximately 0.01%-0.3% mutation abundance, compared with a lower limit of detection of approximately 2%-5% by use of conventional PCR.
Materials and Methods

DNA FROM CLINICAL SAMPLES AND CELL LINES
Human genomic DNA (Promega) was mixed with DNA from multiple mutated cell lines (see Supplemental Table 1 , which accompanies the online version of this article at http://www.clinchem.org/content/vol61/ issue1) to generate DNA with mutations at an abundance of approximately 0.01%-5% at several sequence positions. Blood from healthy individuals was obtained in accordance with the Internal Review Board of DanaFarber Cancer Institute. Cell-free circulating DNA (cfDNA) was isolated from plasma by use of the QIAamp Circulating Nucleic Acid Kit (Qiagen).
OPTIMIZATION OF FAST-COLD-PCR AT A SINGLE CRITICAL DENATURATION TEMPERATURE (T c )
We used fast-COLD-PCR (21, (23) (24) (25) at a single critical denaturation temperature (T c ) [melting temperature (T m ) Ϫ 1], as previously observed (26 ) , to evaluate the levels of enrichment of 8 mutant sequences and then tested the same targets by use of a multiplex fast-TT-COLD-PCR approach. Eight genes were evaluated (see online Supplemental Tables 2 and 3) . T m values were predicted in silico by use of uMelt (27 ) and verified experimentally (see online Supplemental Table 4 ).
DNA PREAMPLIFICATION BY USE OF CUSTOM OR COMMERCIAL PRIMER POOLS, BEFORE FAST-TT-COLD-PCR
Mutation enrichment by use of custom primer pools was evaluated in both 8-plex and 50-plex reactions. Amplicon-specific primers contained 2 common sequences, Tag1 and M13 at their 5Јends, to generate amplicons with uniform ends. For preamplification, the KAPA Hifi DNA polymerase system was used, as previously reported (28 ) (error rate of 2.8 ϫ 10 Ϫ7 , KAPA Biosystems). After preamplification, fast-TT-COLD-PCR reactions were performed by use of Tag1 and M13 primers. Cycling conditions, target genes, and primer sequences are summarized in online Supplemental Tables 2, 3 , and 5. Amplified products were sequenced at Eton Bioscience (Cambridge). Chromatograms were analyzed by use of BioEdit version 7.1.3 (Ibis Biosciences). The numbers of mutant alleles relative to wild-type alleles were estimated by use of peak height values of the Sanger sequencing chromatograms, as reported previously (29 ) . Mutation enrichment was assessed via Sanger sequencing chromatogram comparison.
Genomic DNA containing approximately 5% mutated alleles was also preamplified by use of Ion AmpliSeq™ with either the cancer primer pool (comprising 46 genes and 190 amplicons, interrogating 739 somatic mutations) or the comprehensive cancer panel (Ͼ400 oncogenes, around 16 000 amplicons with all-exon coverage of 409 genes), according to the Ion AmpliSeq library preparation user guide (Life Technologies). In-house-prepared single-strand DNA (ssDNA) adaptors were added to the phosphorylated amplicons, and ligation was applied as described (30 ) . Fast-TT-COLD-PCR was then applied by use of the protocols described in online Supplemental Tables 2 and 4. Either 1 or 2 successive rounds of Fast-TT-COLD-PCR were applied to increase the mutation enrichment (31, 32 ) . Mutation enrichment at the examined targets was assessed via Sanger sequencing chromatogram comparison and high-resolution melting (HRM) analysis on a Lightscanner HR96 system (Idaho technologies). Experiments were repeated in triplicate.
ION TORRENT SEQUENCING OF MULTIPLEX FAST-TT-COLD-PCR
PRODUCTS
After fast-TT-COLD-PCR, mutation-enriched amplicons from each temperature window were processed Reads for each nonreference bases at the nucleotide of interest as well as the adjacent nucleotides were recorded and plotted in a noise plot to distinguish the true mutation vs background noise. Unfiltered NGS data (.bam files) were also loaded into Integrative Genome Viewer 2.3 (Broad Institute) (33 ) with human genome hg19 as reference.
FAST-COLD-PCR BY USE OF MODIFIED NUCLEOTIDES, DEOXYINOSINE AND DIAMINOPURINE TRIPHOSPHATES
Reactions were carried out with the Biolase™ DNA polymerase system with 2.5 mmol/L final concentration of MgCl 2 , 0.5 mol/L of primers, 5 U polymerase, and 0.1 mmol/L of diaminopurine triphosphate (dDTP, TriLink Biotechnologies), deoxyinosine triphosphate (dITP, Thermoscientific), dCTP, and dTTP, as reported by Suspene et al. (34 ) . Primer sequences and cycling conditions are summarized in online Supplemental Tables 2 and 3 .
SPIKING OF MUTATED AMPLICON INTO LIGATION-MEDIATED PCR PRODUCT FROM cfDNA, BEFORE FAST-TT-COLD-PCR
cfDNA recovered from plasma was amplified by ligation-mediated PCR as described (30 ) . A TP53 (tumor protein P53) 5 exon 8 gene region from DNA containing a 1% mutation (c.818GϾA) was separately preamplified by use of primer set 115-P20 (see online Supplemental Table 3 ). After quantification of the 2 samples, the mutated amplicon was spiked into the ligation-mediated PCR product such that the number of TP53 target copies resembled those present endogenously in cfDNA. A COLD-PCR reaction was then applied by use of the common primers P20 (see online Supplemental Table 3 ).
Results
FAST-TT-COLD-PCR PRINCIPLE
COLD-PCR in its simplest form (fast-COLD-PCR) implements a lower denaturation temperature (T c ) during an otherwise conventional PCR amplification, and thus allows preferential amplification of samples with mutations that decrease the amplicon T m (21, (23) (24) (25) 31 ) . Each amplicon has a distinct T c that enables T m -decreasing mutations anywhere on the amplicon to be enriched during fast-COLD-PCR. The constraint of by use of a distinct T c per amplicon means it requires a different PCR protocol for each reaction and makes multiplexing during fast-COLD-PCR problematic. To address this issue, we recently developed TT-COLD-PCR (22 ) . In this approach, denaturation temperatures are increased gradually in a step-wise fashion, which allows for a preferential enrichment of mutated sequences in diverse amplicons with different T c values by use of a single PCR protocol. Hence thermocyclers can process amplicons with distinct T c on different wells by use of a single program. Here we develop this principle further to enable multiplexed fast-TT-COLD-PCR in a single tube.
In the single-tube approach (Fig. 1) , panels of amplicons (8 -16000 per reaction herein) are preamplified from genomic DNA by use of custom-made (28 ) or commercially available (Ion AmpliSeq) sets of primers. Next, common oligonucleotide tails are attached to the ends of all amplicons via a blunt-end ligation reaction. After ligation, the sample is split into 8 separate tubes. A different fast-TT-COLD-PCR reaction then is applied to each tube by use of step-up denaturation temperature protocols (22 ) spanning different temperature windows. Each temperature step is 0.3°C, and 7 successive steps are used, covering an approximate 2°C temperature window. Mutations contained within amplicons whose T c falls within the corresponding temperature window are enriched during fast-TT-COLD-PCR, whereas the remaining amplicons either do not amplify or do not enrich mutations during amplification. By using a different temperature window for each of the 8 reactions, all possible T c values are encompassed; hence mutations in all amplicons are enriched in at least 1 of the reactions. The samples were first examined via Sanger sequencing. Alternatively, for examination via Ion Torrent sequencing, each of the 8 PCR products was barcoded, following which samples were mixed and processed for library preparation.
FAST-COLD-PCR FOR SINGLE SEQUENCES AT A SINGLE T c
Eight single amplicons generated via conventional PCR from genomic DNA, containing approximately 5%-10% mutation abundances, were first evaluated for enrichment with fast-COLD-PCR at a single T c , before multiplex fast COLD-PCR, for comparison purposes. The T m of each amplicon was predicted in silico and then confirmed experimentally. Depending on the amplicon, mutation enrichment for single sequences ranged from 4-to 16-fold for the 8 amplicons examined (see online Supplemental Fig. 1 ).
8-PLEX AND 50-PLEX FAST-TT-COLD PCR WITH CUSTOM PRIMER
SETS
Genomic DNA from cell lines with known mutations in several cancer-relevant genes, including the 8 targets examined above, were combined with wild-type DNA to form approximately 5% or 1% mutation abundances and subjected to fast-TT-COLD-PCR in 8-plex and 50-plex reactions. Next, the preamplified sample was split into 8 reactions, and a separate fast-TT-COLD-PCR was applied in temperature windows shown in online Supplemental Table 4 to encompass the full range of denaturation temperatures, 84.3°C-94.5°C, predicted for all amplicons present in the reactions. Two consecutive rounds of 8-plex or 50-plex fast-TT-COLD-PCR led to mutation enrichment of 7-to 46-fold over all 8 mutated target amplicons, as inferred by assessment of Sanger chromatograms (representative results are depicted in Fig. 2 ; expanded versions are shown in online Supplemental Figs. 2 and 3) . line Supplemental Fig. 1 ). This indicates that the presence of diverse amplicons in the same reaction does not substantially influence the mutation enrichment for any given sequence within the reaction. The levels of enrichment shown by Sanger sequencing were also confirmed by Ion Torrent-based NGS (see online Supplemental Table 6 ). Generally good agreement was observed between the 2 sequencing technologies.
ADAPTATION OF FAST-TT-COLD-PCR FOR ENRICHMENT OF A T m -INCREASING MUTATION
Although T m -lowering mutations (C:GϾT:A, C:GϾA:T) comprise the majority of somatic mutations in most major cancers (35 ) , T m -increasing mutations such as T:AϾG:C or T:AϾC:G are also prevalent in certain cancers, including renal and ovarian (35 ) . To allow fast-COLD-PCR to enrich T m -increasing mutations, we incorporated modified nucleotide triphosphates (dDTP and dITP) during fast-TT-COLD-PCR. When incorporated into DNA during PCR, dITP pairs with cytosine via 2 hydrogen bonds, and dDTP pairs with thymidine via 3 hydrogen bonds (34 ) . The combination of hydrogen bonding and base stacking interactions result in a lower amplicon T m whenever G is replaced by I and higher T m when A is replaced by D. Application of these principles enabled us to reverse
Fig. 2. Sanger sequencing after 50-plex fast-TT-COLD-PCR or conventional 50-plex PCR.
A mixture of genomic DNA from several cell lines (approximately 5% mutation abundance) was preamplified by 50-plex PCR with gene-specific primers containing common sequences on the 5Ј end. The sample was then split in 8 parallel tubes and fast-TT-COLD-PCR was performed with a single primer approach to coamplify all 50 amplicons. Representative results are depicted. An expanded version is also provided in online Supplemental Fig. 2 . These targets represent sequences for which mutation-containing DNA and appropriate primers were available.
the effect of mutations on T m , thereby enabling fast-COLD-PCR to be used for enrichment of T m -increasing mutations in the same way it is used for T m -decreasing mutations (Fig. 3 ).
An 87-bp amplicon containing a 5% mutation abundance with a T m -increasing mutation (see online Supplemental Table 1 ; c.823TϾG, TP53 exon 8 from PFSK-1 cells) was subjected to either fast-TT-COLD-PCR at a single T c or conventional PCR, followed by Sanger sequencing. Mutation enrichment varied from approximately 4-to 7-fold, over a broad range of denaturation temperatures, whereas optimal T c was observed at T m Ϫ 1.5°C, depicted in Fig. 4A . We then repeated evaluation of enriching the same T mincreasing mutation when amplifying a longer, 152-bp amplicon. We observed that, under these conditions, mutation enrichment also occurred over a broad range of temperatures, from T m Ϫ 2°C to T m . Optimal T c was observed at T m Ϫ 1°C, depicted in Fig. 4B . We next demonstrated that this same strategy was possible to use for mutation enrichment, but in a 4-plex or 50-plex fast-TT-COLD-PCR format (see online Supplemental  Fig. 4) , and the outcome was comparable to that observed in Fig. 4 . To evaluate the efficiency of this approach in detecting lower levels of mutations, we amplified wild-type DNA and mutation dilutions of 10%, 1%, 0.5%, 0.25%, and 0.125% using fast-TT-COLD-PCR in the presence of modified nucleotide triphosphates followed by HRM. All mutation dilutions showed distinct differential denaturation curves compared with the wild-type sample, after 2 consecutive rounds of COLD-PCR (Fig. 4C) .
190-PLEX FAST-TT-COLD-PCR WITH Ion AmpliSeq PRIMER SETS
To use fast-TT-COLD PCR in conjunction with commercial cancer panels used for targeted resequencing, we used the Ion AmpliSeq cancer primer pool (190 amplicons) for preamplification from the same genomic DNA mix described in Materials and Methods. Five of our 8 targets with known mutation positions fell within the amplicons generated by the commercial primers. After multiplex PCR from genomic DNA and ligation of a common tail, we subjected the samples to fast-TT-COLD-PCR using the same approach applied for the custom-made 50-plex reactions. We compared 190-plex fast-TT-COLD-PCR and conventional PCR by examining a wild-type sample and mutant serial dilutions (5%, 2.5%, 1.25%, 0.63%, 0.31%, and 0.16%): gene-specific PCR was performed after conventional PCR and fast-TT-COLD-PCR for exon 5 of TP53, followed by HRM. Conventional PCR followed by HRM had a limit of detection of 2.5% mutation abundance, consistent with previous reports (36 ) . Fast-TT-COLD-PCR, on the other hand, discriminated differences from wild-type DNA down to 0.31% mutation abundance (see online Supplemental Fig. 5 ). Mutation enrichment assessed by Sanger sequencing for 190-plex fast-TT-COLD-PCR was 4-to 18-fold, depending on the amplicon and amplification strategy used (1 or 2 rounds of fast-TT-COLD-PCR) (Fig. 5) .
TESTING FAST-TT-COLD-PCR WITH LARGE AMPLICON POOLS:
16 000 AMPLICONS AND CIRCULATING DNA (GENOME-WIDE)
POOL
The data indicate that the performance of fast-TT-COLD-PCR with small to modest amplicon pools, 8 -190 amplicons per reaction, stays relatively unaffected by the number of amplicons and the mutation enrichment remains approximately the same. To test whether even larger pools of amplicons can be used, we evaluated fast-TT-COLD-PCR with the commercial Ion AmpliSeq comprehensive cancer panel primer pool (approximately 16000 amplicons). Online Supplemental Fig. 6 indicates that mutation enrichment of 3-to 8-fold were obtained on the target amplicons examined.
Finally, we evaluated the extent to which low-level mutations could be enriched on a whole-genome scale by use of fast-COLD-PCR and plasma-circulating DNA from a healthy individual spiked with a mutationcontaining DNA sequence (approximately 1% mutation abundance). When fast-COLD-PCR was applied to the spiked sequence independently, without mixing with circulating DNA, an enrichment of approximately 58-fold was obtained (see online Supplemental Fig. 7A ). On the other hand, when this sequence was spiked within circulating DNA and coamplified, a mutation enrichment of approxi- 
MUTATION ENRICHMENT AT LOW MUTATION ABUNDANCES AND LIMIT OF DETECTION
Under COLD-PCR conditions, the lowest starting mutational abundances result in the greatest mutation enrichment (36 ) . Consistent with previous data, when samples containing approximately 1% mutational abundances were subjected to multiplexed fast-TT-COLD-PCR, we observed increased fold enrichments of 46-to 56-fold (see online Supplemental Figs. 3 and 7) .
To ascertain the limit of detection when multiplexed fast-TT-COLD-PCR is followed by sequencing, we conducted a serial dilution study by use of 50-plex reactions. Fig. 6 depicts representative results from 2 targets, TP53 exon 9 and EGFR (epidermal growth factor receptor) exon 20, with mutational abundances of 0.012%-1.25%, for which we tested the limit of detection by use of Sanger sequencing and NGS. Conventional PCR followed by either Sanger sequencing or NGS was not able to distinguish somatic variants present at these low abundance levels. However, fast-TT-COLD-PCR followed by Sanger sequencing depicted limits of detection of approximately 0.1% (TP53 exon 9) and approximately 0.3% (EGFR exon 20). Using Ion Torrent-based NGS in two independent runs, we were able to call (P Ͻ 0.001) somatic variants down to approximately 0.01% (TP53) and approximately 0.1% (EGFR) mutation abundance. At these mutation abundances, the signal was still distinct from the noise levels (Fig. 6 ).
Discussion
Among recent developments providing methods to address the problem of sequencing noise (11) (12) (13) (14) (15) (16) , our group proposed the use of COLD-PCR to enrich mutations on single amplicons before NGS, enabling assessment of mutation frequencies down to 0.02%-1% (10, 37 ) . As originally conceived, this method had no multiplexing capability because the preamplification step before NGS is performed under cycling conditions optimal for each individual target (10 ) . The present development of singletube, multiplexed fast-TT-COLD-PCR removes this limitation and can potentially be incorporated within the workflow for targeted resequencing by use of cancer panels. As Figs. 2 and 5 and online Supplemental Fig. 6 indicate, the mutation enrichment obtained before sequencing with fast-TT-COLD-PCR can be applied to large pools of amplicons, improving the limit of detection of sequencing technologies.
Application of fast-TT-COLD-PCR converts lowerlevel mutations to modest or high-level mutations that should require fewer sequence reads to call lower-level mutations. Indeed, per Flaherty et al. (17 ) , a 0.1% mutation abundance requires a read depth of at least 10000 reads to reduce sampling error of the binomial distribution enough for reliable variant detection. By converting a 0.1% mutation to a 10%-40% mutation (Fig. 6) , the number of reads required drops sharply to Ͻ100. Accordingly, the reduction in coverage required to call low-level mutations is anticipated to translate to an equivalent increase in throughput and reduction in cost associated with NGS. A single Ion 316™ or Ion 318™ chip provides a minimum of 500ϫ depth of coverage (average approximately 2000ϫ) for target amplicons, per manufacturer specifications. Although this depth of coverage is not adequate for very low-level mutations by use of standard approaches, mutation enrichment by use of TT-fast-COLD-PCR may resolve this problem by converting these DNA changes to high-level mutations that require few reads during NGS. Fast-TT-COLD-PCR can be used either alone or combined with other noise-reduction technologies like TAm-Seq (12 ), error-suppressed sequencing (11 ), or single-molecule barcoding sequencing, SafeSeq (13 ) , to enable even higher throughput and accuracy.
There was also a need to adapt fast-COLD-PCR to the enrichment of DNA variations that increase the melting temperature of the amplicon (A:TϾG:C or A:TϾC:G), which represent approximately 26% of all reported missense mutations (35 ) . Such mutations could in principle be enriched by use of full-COLD-PCR (31 ) or ice-COLD-PCR (29, 38 ) . However the DNA intermediate hybridization required by these approaches limits the levels of multiplexity that can be achieved in a single-tube reaction. Fast-COLD-PCR does not need intermediate hybridization (21, 24, 39 ) ; thus very high levels of multiplexity can be achieved ( Fig. 5 and online Supplemental Fig. 6 ). The application of fast-COLD-PCR in the presence of modified bases enables preferential amplification of mutations that increase the melting temperature of the amplicon (A:TϾG:C and A:TϾC:G). Although not demonstrated in this work, potentially T m -neutral mutations could also be enriched by use of modified nucleotides. For example, T m -neutral mutations such as CϾG or AϾT would be converted to CϾI or DϾT respectively, i.e., they should be enriched via fast-TT-COLD-PCR since they reduce the T m .
The strategy followed in this proof-of-principle study used coamplification of groups of amplicons with diverse melting temperatures by use of a step-up COLD-PCR approach (Fig. 1) . Within each group, only those amplicons having a T c contained within a chosen temperature window of approximately 2°C are enriched for mutations; amplicons with lower melting temperature would be expected to amplify without discriminating for mutant sequences, thus potentially sat-urating the PCR reaction, limiting the mutation enrichment achieved for the remaining sequences, and generating sequence representation differences for downstream NGS. This effect has been observed in the 16 000-plex, where the overall fold enrichment (3-to 8-fold) was lower than the one observed in the 190-plex reaction (4-to 18-fold). Although the mutation enrichment overall was successful, an even more efficient approach might have been to group the panels of amplicons within each fast TT-COLD-PCR reaction such that they all have similar T m and T c values, thereby enabling all amplicons to enrich for mutations simultaneously. In this way, there would be no need for splitting and barcoding the samples, thereby increasing the overall throughput during NGS sequencing. Work in this direction is currently underway.
In summary, we provided proof of principle for a novel approach using fast-COLD-PCR to improve the limit of detection of cancer gene panels. Incorporating fast-TT-COLD-PCR in the sample preparation workflow enables enrichment of mutations before performing the traditional Sanger sequencing or initiating NGS-based profiling. This modification provides the ability to treat subclonal mutations as if they were clonal, decreasing the required sequencing depth for reliable detection. 
